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VOLUME OF DENTATE GYRUS AND CA3 SUBFIELDS OF THE 
HIPPOCAMPUS 
 
YONGHO CHRISTOPHER JO 
ABSTRACT 
Alzheimer’s disease (AD) is widely accepted as being linked with abnormal 
atrophy of the hippocampus. In the nonhuman-focused literature, the hippocampus has 
been identified as one of the prominent regions of interest with mechanisms of adult 
neurogenesis from aerobic exercise. Several human studies over the past decade have 
shown the effect of exercise that improves cardiorespiratory fitness on the size and 
function of the hippocampus in participants. However, the size of hippocampal subfields, 
especially the dentate gyrus (DG), has not been examined in humans even though various 
animal studies have identified the DG subfield as the primary region of adult 
neurogenesis induced by aerobic exercise.  
The point of this investigation, therefore, was to investigate the effect of an 
exercise intervention on the size of the DG subfield and the related subfield of cornu 
ammonis (CA) 3. The hypothesis was that an endurance training intervention, designed to 
improve cardiorespiratory fitness, would increase the volume of the DG and CA3 
subfields of the hippocampus more than a resistance training intervention, designed to 
increase strength, flexibility, and balance, and that improvement in cardiorespiratory 
fitness would positively correlate with the change in volumes of these subfields. For this 
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investigation, 32 participants (young adults from age 20 to 33 with sedentary lifestyles) 
were selected from a data set collected for an ongoing study by the Brain Plasticity and 
Neuroimaging (BPN) Laboratory at Boston University School of Medicine (Boston, MA, 
USA). The fitness data and T1-weighted and T2-weighted structural magnetic resonance 
imaging (MRI) data were used in the analysis. FreeSurfer v6.0 software was used to 
extract volumetric data of the hippocampal subfields using a hippocampal subfield 
segmentation algorithm. Analysis of variance (ANOVA) with repeated measures and 
linear regression were used to analyze the statistical significance of the results.  
The change in volumes for the whole hippocampus, DG, and CA3 did not show 
any statistically significant differences after endurance training compared with after 
resistance training. The effect of exercise on the volume of the CA3 subfield appeared to 
be asymmetrical from left to right, with heavier impact on the left CA3 than on the right 
CA3. There was no statistically significant correlation between the change in 
cardiorespiratory fitness and the change in volume of any of the regions analyzed. 
However, the left whole hippocampus showed a slight trend (p = 0.078; R = 0.317) of 
weak positive correlation between its volume change and the cardiorespiratory fitness 
change of the participants. This result was consistent with the previous human literature. 
Although statistically not significant, most data showed that the endurance training group 
saw more preservation or increase in volume. This result is encouraging and should be 
explored further to validate the efficacy of cardiorespiratory exercise as a possible 
prevention mechanism against AD for young adults later in life.  
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1. INTRODUCTION 
 
Alzheimer’s disease (AD) is a progressive, neurodegenerative disease with a risk 
which exponentially increases after the fifth decade of life (Mayeux & Stern, 2012). AD 
is the most common cause of dementia in elderly adults (Aging, 2011). According to the 
Alzheimer’s Association, in the United States, with 11% of the population over age 65 
and 32% of those over 85, around 5.4 million people are suffering from AD (Alzheimer’s 
Association, 2016). Treating and caring for those suffering from AD is costing 
approximately $221.3 billion dollars in the United States and $604 billion dollars, or 1% 
of the global domestic product (GDP), worldwide yearly (“WHO | Dementia,” 2015). In 
the United States, the geriatric population over the age of 65 has increased from 9.8% in 
1970 to 13% in 2010. By 2050, the geriatric population over the age of 65 is projected to 
double, and the segment over the age of 85 is projected to triple (Ortman, Velkoff, Hogan 
& others, 2014). With such a rapidly growing elderly population and an incident rate of 
AD over the age of 85 being 6% to 8%, AD is quickly becoming a major medical concern 
from both public health and financial perspectives (Mayeux & Stern, 2012).  
Ever since AD was first identified over 100 years ago by a German 
neuropathologist Alois Alzheimer (Zilka & Novak, 2006), AD researchers in the last 
century have shown the genetic cause and several pathologies that can be symptoms of 
AD. Prominent among these pathologies are the appearance of neurofibrillary tangles, 
intracellular aggregations of abnormally hyperphosphorylated tau proteins which possibly 
interfere with neuronal survival (Norfray & Provenzale, 2004), and the formation and 
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deposition of amyloid plaques in the cerebral cortex prior to clinical onset of AD 
(Holtzman, John, & Goate, 2011). Although the temporal sequence of events in AD 
pathophysiology is still up for debate (Korolev, 2014), the clinical features have been 
well documented to include progressive dementia with impaired memory, decline in 
executive function and attention, language difficulties, decline in visuospatial processing, 
loss of insight, and personality change (Aging, 2011; Alzheimer’s Association, 2016; 
Holtzman, John, & Goate, 2011; Jack et al., 1997; Korolev, 2014; Norfray & Provenzale, 
2004; Minati, Edginton, Bruzzone, & Giaccone, 2009).  
As many of these symptoms point to and structural magnetic resonance imaging 
(MRI) studies show, AD causes cerebral atrophy with particularly pronounced 
degeneration in the medial temporal lobe, especially in the hippocampus and entorhinal 
cortex (Jack et al., 1997). Longitudinal volumetric MRI studies have shown that 
hippocampal atrophy during a normal individual’s life begins typically after the age of 50 
with 1% to 2% of the total hippocampal volume loss annually. AD accelerates the rate of 
volumetric decline to about 3% to 5% of the total hippocampal volume annually (Mungas 
et al., 2005).  
 
1.1. Hippocampus 
The hippocampus has been a notable area of AD-related neurodegeneration (Jack 
et al., 1997; Mungas et al., 2005). Adult neurogenesis, a process of generating new 
neurons by cell proliferation in the fully grown adult brain, has been explored to 
counteract the neurodegeneration. Significant evidence suggested the existence of adult 
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neurogenesis in the hippocampus (Kuhn, Dickinson-Anson, & Gage, 1996; Eriksson et 
al., 1998). Therefore, the hippocampus is a very crucial structure in AD research and 
neurogenesis research.  
 
1.1.1. Neuroanatomy and Circuitry of Hippocampal Formation 
The hippocampus is located bilaterally in the medial temporal lobe of the brain as 
a part of the limbic system. It can be divided into several subfields. The hippocampus 
proper includes the four parts of the hippocampus: cornu ammonis (CA) 1, CA2, CA3, 
and CA4. Other subfields of the hippocampus encompass the dentate gyrus (DG), 
subiculum, presubiculum, parasubiculum, and entorhinal cortex (EC) (Andersen, 2007). 
The DG consists of molecular, granular, and polymorphic neuronal layers (Treves, 
Tashiro, Witter, & Moser, 2008). The EC is comprised of neuronal layers I, II, III, IV, V, 
and VI (Canto, Wouterlood, & Witter, 2008). The hippocampus proper and other 
hippocampal subfields together are called the hippocampal formation. Hippocampal 
subfields are organized on a transverse axis from proximal to distal: DG, CA3, CA2, 
CA1, subiculum, presubiculum, parasubiculum, and EC. In rodent and primate brains, 
this transverse axis is folded in an S-shaped form, placing EC ventral to the rest of the 
subfields (Andersen, 2007).  
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1.1.2. Intrinsic Circuitry of Hippocampus 
Unlike other regions of the brain which have mostly reciprocal circuitry, the 
hippocampus has a largely unidirectional circuitry (Andersen, 2007). In rodents and 
primates, the neurons in layer II of the superficial EC layers project to the neurons in DG 
by means of a nonreciprocal connection called the perforant pathway, as well as to the 
neurons in CA3 (Anderson, 2007; Deller, Martinez, Nitsch, & Frotscher, 1996; Witter & 
Amaral, 1991). From the neurons in the granular layers of DG, the mossy fibers 
unidirectionally project to the pyramidal cells of the CA3 subfield of the hippocampal 
proper (Andersen, 2007; Treves, Tashiro, Witter, & Moser, 2008). The pyramidal cells of 
CA3, which also have recurrent connection, unidirectionally project to CA1 neurons, 
which then project to the neurons in the subiculum and layers V and VI of the deep EC 
(Andersen, 2007). 
 
1.1.3. Functions of Hippocampus 
The hippocampus is widely known to be an integral structure in encoding episodic 
memory (“The Structure and Organization of Memory,” 1993; Scoville & Milner, 1957). 
Other functions of the hippocampus are still hotly debated. Both lesion studies and MRI 
studies provide evidence of the involvement of the hippocampus in spatial memory 
formation (Bailey, Wade, & Saldanha, 2009; Bohbot et al., 2004). The evidence from 
studies that explored specific hippocampal subfields and their functions supports this as 
well. Discovered in 2005, hexagonally arranged “grid cells,” located in the rodent medial 
EC, encode spatial environments in the brain to aide in navigation (Hafting, Fyhn, 
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Molden, Moser, & Moser, 2005). In humans, EC neurons are thought to encode for 
perceptual, spatial, and cognitive contexts to current behavior in a nonspecific manner, so 
that the encoded information can be utilized in similar, instead of only identical, 
situations. This nonspecificity is in contrast with other hippocampal cells downstream of 
the EC which encode for specific locations using specialized neurons called “place cells” 
(Jacobs, Kahana, Ekstrom, Mollison, & Fried, 2010). The DG is one of the few areas 
with prominent adult neurogenesis. The newborn neurons in the granular cell layer of the 
DG are thought to encode for new memories, especially spatial pattern separation 
(Nakashiba et al., 2012). In fact, damage to the DG neurons leads to a decrease in 
performance in the Morris water maze task, a test designed to measure spatial 
information processing and memory formation. This suggests that the DG plays a crucial 
role in encoding long-term spatial memory. Therefore, the spatial memory tasks are an 
effective, indirect method for assessing the status of the subject’s hippocampus (Xavier 
and Costa, 2009). 
 
1.2. Impact of Exercise on Neuroanatomy 
The idea of brain plasticity, at its genesis, postulated that adaptability observed in 
adult brains is accomplished by strengthening of synapse rather than structural alteration 
(Gage, 2002). However, near the end of the last century, the evidence of adult 
neurogenesis had been proven to exist in rodents (Kuhn, Dickinson-Anson, & Gage, 
1996), primates (Gould, Beylin, Tanapat, Reeves, & Shors, 1999), and the human brain 
(Eriksson et al., 1998), especially in the hippocampal subfield, DG. Several factors were 
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identified to lead to adult hippocampal neurogenesis. For example, in rodents, learning 
requiring the hippocampus was shown to increase hippocampal volume compared with 
learning that does not require the hippocampus (Gould, Beylin, Tanapat, Reeves, & Shors 
,1999). Some recent studies showed that chronic cannabinoid administration can promote 
adult hippocampal neurogenesis (Jiang, 2005). Of particular interest in this study, 
however, is the effect of exercise on hippocampal neurogenesis. This effect was first seen 
in rodents (van Praag, Christie, Sejnowski, & Gage, 1999; van Praag, Kempermann, & 
Gage, 1999). Erickson and colleagues (2009) hypothesized that the influence of aerobic 
fitness on the performance of the spatial memory tasks is mediated by increased 
hippocampal volume. Further studies have showed some evidence that neurogenesis in 
the adult hippocampus may exist in humans as well as rodents (Erickson et al., 2011; 
Evers, Klusmann, Schwarzer, & Heuser, 2011).  
 
1.2.1. Neurogenesis in Animal Model 
Exercise has been shown to improve learning abilities in rodent models. For 
rodents with serotonin-induced learning impairment (Chen et al., 2008) or with 
morphine-induced retention deficit (Alaei et al., 2006), exercise was found to improve 
performance in passive avoidance tasks. In these studies, rodents were trained to avoid a 
certain area on the floor with shocks. In the rodent model of AD with lesion to the 
nucleus basalis magnocellularis, physical exercise was demonstrated to improve memory 
deficits, as shown by better performance in the Morris water maze task (Hoveida, Alaei, 
Oryan, Parivar, & Reisi, 2011).  
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These exercise-induced cognitive improvements were reflected in structural 
changes in the brain as well. Compared with rodents exposed to enriched environments, 
in which the animals were given access to running wheels, extra treats, and socialization 
opportunities, a factor that enhances neurogenesis in the dentate gyrus (Kempermann, 
Kuhn, & Gage, 1997), adult rodents who underwent voluntary wheel running had similar 
amounts of volumetric increase, new neurons, and survival of those neurons in the 
dentate gyrus (van Praag, Christie, Sejnowski, & Gage, 1999; van Praag, Kempermann, 
& Gage, 1999). Similar volume increase and functional improvement after exercise were 
found in sedentary aged mice as well (van Praag, Shubert, Zhao, & Gage, 2005). 
 
 Suspected Mechanism of Adult Neurogenesis 
The exact cellular mechanism of exercise-induced neurogenesis is still unclear. 
Studies have shown that exercise can increase cerebral blood volume (CBV) and 
angiogenesis to the primary motor cortex (Swain et al., 2003), cerebellar cortex (Black, 
Isaacs, Anderson, Alcantara, & Greenough, 1990), and hippocampus (Pereira et al., 2007) 
in rodents. In the rodent hippocampus, CBV and angiogenesis were increased selectively 
in the dentate gyrus and marginally in the entorhinal cortex (Pereira et al., 2007). Because 
an increase in CBV was seen as a marker for increasing angiogenesis (Dunn et al., 2004) 
and for neurogenesis (Pereira et al., 2007), and because angiogenic activities were 
strongly correlated with neurogenesis (Palmer, Willhoite, & Gage, 2000), the likely 
mechanism of the neurogenesis-enhanced increase in the hippocampus volume involved 
an increase in CBV and angiogenesis (Pereira et al., 2007). 
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1.2.1.1.1. Brain-Derived Neurotrophic Factor (BDNF) 
Voluntary exercise also increased both mRNA and the protein level of brain-
derived neurotrophic factor (BDNF) in the hippocampus, cerebellum, and frontal cortex 
(Vaynman, Ying, & Gomez-Pinilla, 2004). BDNF is a molecule that is thought to 
increase protection, survival, and growth of new neurons (Barde, 1994; Lindvall, Kokaia, 
Bengzon, Elmér, & Kokaia, 1994). BDNF levels in the hippocampus (Neeper, Gómez-
Pinilla, Choi, & Cotman, 1995) and the hippocampal DG (Arsenijevic & Weiss, 1998) 
were increased after voluntary running. The change in the level of BDNF in the DG was 
associated with change in behavior, such as performance in the Morris maze test (Cotman 
& Berchtold, 2002; van Praag, Christie, Sejnowski, & Gage, 1999). Additional studies by 
Vaynman and colleagues (2004) found that BDNF was a crucial mediator for exercise-
induced synaptic plasticity and neurogenesis. Direct administration of BDNF increased 
cell proliferation in the hippocampus and prevented BDNF molecules from binding to 
BDNF receptors, which effectively abolished the positive effect of exercise by reducing 
cell proliferation and lowering the performance in the Morris water maze test (Vaynman, 
Ying, & Gomez-Pinilla, 2004). 
 
1.2.1.1.2. Insulin-Like Growth Factor 1 (IGF-1) and Vascular Endothelial 
Growth Factor (VEGF) 
Insulin-like growth factor 1 (IGF-1) and vascular endothelial growth factor 
(VEGF) are other important factors in exercise-induced angiogenesis and neurogenesis. 
IGF-1 in the systemic circulation has been shown to enter the cerebral spinal fluid by 
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passing through the blood-brain barrier after exercise. Blocking IGF-1 from entering the 
CSF significantly reduced the exercise-induced cell proliferation and BDNF production 
(Lopez-Lopez, LeRoith, & Torres-Aleman, 2004; Trejo, Carro, & Torres-Alemán, 2001). 
IGF-1 stimulated production of VEGF and VEGF receptor, which is known to induce 
angiogenesis (Lopez-Lopez, LeRoith, & Torres-Aleman, 2004). Blocking the influx of 
VEGF into the CSF hindered the effect of exercise on hippocampal neurogenesis, but did 
not seem to affect the baseline level of neurogenesis (Fabel et al., 2003). Therefore, both 
IGF-1 and VEGF appear to be necessary mediators in exercise-induced neurogenesis. 
 
1.2.2. Association Between Fitness and Neurogenesis in Humans 
Epidemiological studies have shown promising information on the impact of 
exercise on reducing cognitive impairments. Some cognitive studies found that maximum 
aerobic capacity (VO2 Max) is highly correlated with executive functions (van Boxtel et 
al., 1997) and visuospatial functions (Shay & Roth, 1992). However, it is difficult to 
determine the direction of the association between fitness level and cognitive functions 
because of the cross-sectional nature of the studies.  
Longitudinal studies have been performed to potentially clarify this issue. One 
study found that elderly subjects with high baseline physical activity (moderately intense 
exercise more than 3 times a week) showed approximately 50% lower risk of developing 
mild cognitive impairment (MCI) and dementia and 60% lower risk of developing AD 
within 5 years compared with an elderly population with low baseline physical activity 
(exercise less than 3 times a week) after controlling for age and education (Laurin, 
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Verreault, Lindsay, MacPherson, & Rockwood, 2001). Another study took objective 
measures of cardiorespiratory fitness from the participants by administering fitness tests 
to measure VO2 Max; cognitive function was also evaluated. Follow-up testing was 
completed after 6 years for both measures. The participants with the higher baseline 
cardiorespiratory fitness level had less decline in cognitive function over 6 years than 
those with the lower baseline cardiorespiratory fitness level (Barnes, Yaffe, Satariano, & 
Tager, 2003). A recent study found that a higher fitness level reduced the age-related 
atrophy of the medial temporal lobe, which includes the hippocampus (Bugg & Head, 
2011).  
Further studies have shown that baseline fitness level can predict more than 
change in behavioral measurement. Erickson and colleagues (2009) demonstrated in their 
cross-sectional study that a higher aerobic fitness level was associated with greater right 
and left hippocampal volumes in nondemented elderly participants controlled for age, 
sex, and years of education. Moreover, the left hippocampal volume was found to be a 
significant partial mediator of the relationship between fitness and spatial memory 
(Erickson et al., 2009). However, the task used in this study to test for cognitive function 
was spatial attention (which is not necessarily a hippocampus-dependent function) 
instead of spatial memory (Greenwood, Lambert, Sunderland, & Parasuraman, 2005). 
Erickson and colleagues (2010) also published their results from a longitudinal study 
examining the relationship between physical activity and gray matter volume, with an 
average 9-year follow-up volume measurement. After adjustments for age, total 
intracranial volume (ICV), sex, white matter grade, ventricular grade, MRI infarcts, time 
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taken to walk 15 feet, body mass index, race, and level of education, the higher baseline 
fitness level was correlated with a higher gray matter volume in the frontal, temporal, and 
occipital lobes as well as hippocampus volume and EC volume (Erickson et al., 2010).  
These associations between fitness level and structural and behavioral changes 
were further strengthened by findings concerning relative change in BDNF level. Studies 
found that moderate exercise acutely increased serum BDNF level in humans (Gold et al., 
2003), and this level remained elevated up to 10 minutes after exercise (Rojas Vega et al., 
2006), which was correspondingly reflected in improved learning after exercise with 
elevated BDNF level (Winter et al., 2007). Also, BDNF levels were lower in AD patients 
with lower cognitive function compared with nondemented controls (Laske et al., 2006; 
Yasutake, Kuroda, Yanagawa, Okamura, & Yoneda, 2006). Based on these results, 
including animal research on the effects of BDNF and exercise on brain morphology 
augmentation (Vaynman, Ying, & Gomez-Pinilla, 2004), the change in BDNF level (as a 
molecular marker for adult neurogenesis) appears to be a mediating factor and an 
indicator of hippocampal volume change as well as change in cognitive functions and 
neurogenesis. Furthermore, Whiteman and colleagues (2016) performed a study 
investigating the association between fitness and EC volume and episodic memory in 
young adults. The study demonstrated a positive correlation between fitness and right EC 
volume (but not hippocampal or entorhinal volume), which in turn showed a positive 
correlation with performance in episodic memory recognition tasks (Whiteman, Young, 
Budson, Stern, & Schon, 2016).  
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1.2.3. Interventions in Humans 
Although there seems to be a strong correlation between physical fitness level and 
BDNF concentration, hippocampus volume, and cognitive function in humans and animal 
models, most of these studies were cross-sectional or correlational. In order to strengthen 
a causal link, intervention studies have been performed.  
The type of exercise intervention appears to be important in its effect on adult 
neurogenesis. After a link was established between aerobic exercise intervention and 
brain volume in older adults who were sedentary (Colcombe & Kramer, 2003), Colcombe 
and colleagues (2006) performed a study comparing the changes in brain volume between 
elderly subjects who underwent a 6-month aerobic exercise intervention and those who 
underwent a 6-month nonaerobic (stretching and toning) exercise intervention. They 
found that the group that underwent the aerobic exercise intervention had increased 
volume in both gray and white matter primarily located in the prefrontal and temporal 
cortices, whereas the group that underwent the nonaerobic exercise intervention had no 
increase in brain volume (Colcombe et al., 2006).  
Additionally, Pereira and colleagues (2007) conducted a 3-month aerobic exercise 
intervention study with young to middle-aged adult participants. The hippocampal CBV 
maps were generated before and after the intervention for most hippocampal subfields. 
After the intervention, participants had increased VO2 Max, which correlated strongly 
with an increase in CBV in the DG of the hippocampus (Pereira et al., 2007).  
Several studies have focused on hippocampus volumes. Erickson and colleagues 
(2011) divided older adult participants into an aerobic intervention group and a 
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nonaerobic intervention control group for one year. They found that the aerobic group 
showed an almost 8% increase in VO2 Max and a 2% increase in hippocampal volume, 
whereas the control group only showed a 1% increase in VO2 Max and a 1.4% decline in 
hippocampal volume (Erickson et al., 2011). Another study performed by Evers and 
colleagues (2011) divided elderly participants into a physical activity intervention group, 
a mental activity intervention group, and a control group for 6 months. They found that 
both the physical activity intervention group and the mental activity intervention group 
had improved cognitively. However, physical activity intervention provided similar 
cognitive improvement with less time spent in the intervention (Evers, Klusmann, 
Schwarzer, & Heuser, 2011).  
 
1.3. Specific Aim 
The data from animal models suggest that the increased hippocampal volume may 
be specific to its neurogenic zone, the dentate gyrus subfield of the hippocampus. 
Although total hippocampal volume has been examined, results have been inconsistent, 
and the dentate gyrus has not been specifically investigated. The objective of this thesis is 
to investigate the effect of three-month endurance training on the volumes of the 
hippocampus, DG, and CA3 on both the right and left hemispheres, as well as to 
investigate the correlation between the intervention-related VO2 Max change and the 
change in volumes of the right and left hippocampus, DG, and CA3.
 14 
2. METHODS 
2.1. Participants 
 Participant data for this investigation were collected by the members of the Brain 
Plasticity and Neuroimaging Laboratory at Boston University School of Medicine 
(Boston, MA, USA) as a part of a larger, ongoing study examining the effects of twelve-
week aerobic exercise intervention on performance of memory tasks, task-related 
hippocampal activity, serum BDNF levels, and hippocampus and hippocampal subfield 
volumes in younger and older adults. Participants in this study were generally healthy, 
nonsmoking, English speakers of age 18 to 35 years or 55 to 85 years who were living a 
sedentary lifestyle at the time of recruitment and were available for the duration of the 
study (approximately four months). Sedentary lifestyle was defined by the American 
College of Sports Medicine (ACSM) as not participating in at least 30 minutes of 
moderately intense physical activity on at least three days per week for at least three 
months (Thompson et al., 2010). Participants with the following conditions were 
excluded from the study: poor vision that cannot be corrected with glasses or contact 
lenses; presence of an infection; diagnosis of kidney failure, liver disease, thyrotoxicosis, 
hyperthyroidism, cancer, or severe anemia; history of learning disabilities, psychiatric 
disorders, or neurological disorders that may affect cognitive function; history of medical 
or surgical conditions that may be counter-indicators for participation in cardiorespiratory 
fitness assessments; claustrophobia; female subjects who are potentially pregnant or 
breastfeeding; obesity; eating disorder; subjects who are not available for the duration of 
the study (four months); presence of nonremovable ferromagnetic metals in or on the 
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body that may be counter-indicators for participating in MRI; prescription medications or 
other drugs that are cardioactive or psychoactive; and drug or alcohol abuse or misuse 
based on self-report. All participants granted informed and signed consent prior to their 
participation in the study. All study procedures and protocols adhered to the guidelines 
established by the International Code of Medical Ethics of the World Medical 
Association and were approved by the Boston University Medical Campus Institutional 
Review Board.  
At the time of this investigation, 77 participants had enrolled in the study. Of the 
total, 44 had completed the whole study and had available structural MRI images and 
cardiorespiratory data for a time point shortly before the beginning and shortly after the 
ending of the exercise interventions. Data from 35 participants were chosen from the age 
group of young adults. One participant was excluded for lack of adherence to the 
assigned intervention (less than 50% attendance). A second participant was excluded for 
unreliable VO2 Max data because of a missing data point in the cardiorespiratory fitness  
assessment. A third participant was excluded for unreliable volumetric data. As a result, 
this investigation analyzed the data from a total of 32 participants. Table 1 shows the 
demographic information of these participants. 
 
2.2. Protocol 
Each participant, after being informed by the investigator of all relevant 
information about the study, gave signed consent. The participants were screened for any 
exclusionary criteria. Baseline fitness testing was performed, and baseline structural MRI 
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data were acquired. Then participants were divided at random into two intervention 
groups: cardiorespiratory endurance training and resistance (strength, balance, and 
flexibility) training. For twelve weeks (or three months), participants attended thirty-six 
exercise sessions with a personal trainer who administered the appropriate intervention 
for one hour for each person, three times a week. After the twelve-week intervention 
period, each participant underwent cardiorespiratory fitness testing and a structural MRI 
scan. Figure 1 shows the flow diagram for this study. 
 
2.3. Cardiorespiratory Fitness Data Acquisition and Analysis 
Cardiorespiratory fitness values were calculated using data collected by 
performing a modified version of the Balke protocol. The Balke protocol involved 
participants walking on a treadmill at a fixed walking speed while the incline grade of the 
treadmill was incrementally increased at a fixed time interval (Thompson et al., 2010; 
Cooper & Storer, 2001). Prior to the beginning of the fitness testing, age-predicted 
maximum heart rate and heart rate reserve values were calculated for each participant 
Table 1. Demographic Information of the Study Participants 
Character  Total 
Endurance 
Training 
Resistance 
Training 
N   32 14 18 
Sex (% female)  78.13 78.57 77.78 
Age (years) Range 20 - 33 20 - 31 20 - 33 
 Mean (SD) 25.91 (3.44) 25.42 (2.93) 26.28 (3.83) 
Attendance (%) Mean (SD) 83.77 (7.96) 84.13 (9.34) 83.49 (6.97) 
VO2 Max Percentile 
Change (%) 
Mean (SD) 6.23 (15.09) 11.21 (14.90) 2.36 (14.47) 
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using a chest-strapped heart rate monitor and Equations 1 and 2 provided by the ACSM 
(Thompson et al., 2010):  
𝑀𝑎𝑥 ℎ𝑒𝑎𝑟𝑡 𝑟𝑎𝑡𝑒 = 206.9 − (0.67 ∗ 𝐴𝑔𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑎𝑟𝑡𝑖𝑐𝑖𝑝𝑎𝑛𝑡) (1) 
𝐻𝑒𝑎𝑟𝑡 𝑟𝑎𝑡𝑒 𝑟𝑒𝑠𝑒𝑟𝑣𝑒 = 𝑀𝑎𝑥 ℎ𝑒𝑎𝑟𝑡 𝑟𝑎𝑡𝑒 − 𝑅𝑒𝑠𝑡𝑖𝑛𝑔 ℎ𝑒𝑎𝑟𝑡 𝑟𝑎𝑡𝑒 (2) 
where age is in years and heart rate is in beats per minute. 
 Heart rate was continuously monitored during the test. The test was stopped when 
the participant’s heart rate reached either 85% of the age-predicted maximum heart rate 
or 70% of the heart rate reserve. The walking speed and the maximum grade reached 
Figure 1. Flow diagram for the study showing steps of randomization, intervention, 
and baseline and post-intervention assessments. 
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were also collected and were used to estimate the gross oxygen consumption, the gold 
standard for measurement of cardiorespiratory fitness, using the metabolic equation for 
gross VO2 for walking provided by the ACSM (Thompson et al., 2010): 
𝑉𝑂2 = 0.1 ∗ 𝑆 +  1.8 ∗ 𝑆 ∗ 𝐺 +  3.5 (3) 
where VO2 is the gross oxygen consumption (mL/kg∙min), S is the speed of the treadmill 
(m/min), and G is the maximum gradient reached on the treadmill, expressed as a 
fraction. The estimated raw VO2 Max was used to calculate the VO2 Max percentile 
based on norms by age and sex.    
 
2.4. MRI Data Acquisition 
Structural MRI data were collected using a 3-Tesla Philips Achieva scanner with 
an 8-channel SENSE head coil (Philips Healthcare, Andover, MA, USA) at Boston 
University Center for Biomedical Imaging (Boston, MA, USA). T1-weighted three-
dimensional (3D) images [SENSitivity encoding P reduction: 1.5, S reduction: 2; TR = 
6.7 ms, TE = 3.1 ms, flip angle = 9 º, field of view (FH/AP/RL) = 250/250/180 mm, 
matrix size = 256 × 254; 150 slices, resolution = 0.98 mm × 0.98 mm × 1.20 mm] and 
T2-weighted turbo spin-echo images [SENSitivity encoding P reduction: 2; TR = 3000 
ms, TE = 80 ms, flip angle = 90 º, field of view (FH/AP/RL) = 230.0/77.4/185.3 mm, 
matrix size = 576 x 450; 30 slices, resolution = 0.40 mm × 0.41 mm × 2.00 mm] were 
acquired from each participant. 
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2.5. MRI Data Processing and Analysis 
Once acquired, magnetic resonance (MR) images were processed by several steps 
using the FreeSurfer open-source software package version 6.0, released in January 2017 
(The General Hospital Corporation, Boston, MA, USA). A new functionality introduced 
in this version, cross-sectional hippocampal subfield segmentation, was used to analyze 
participants’ MR images. Before the segmentation algorithm was run, each participant’s 
pre-intervention image and post-intervention image underwent the FreeSurfer default 
workflow. This operation used the T1-weighted MR image for the cortical reconstruction 
process and subcortical segmentation to correctly identify the boundaries of subcortical 
structures like the hippocampus. A value for ICV was collected to use for correction of 
other volumetric data. 
 
2.5.1. FreeSurfer: Cross-Sectional Hippocampal Subfield Segmentation 
Based on information acquired from the default workflow, data were processed 
through the hippocampal subfield segmentation algorithm in FreeSurfer. Pre-intervention 
and post-intervention T2-weighted data from participants were processed cross-
sectionally through the algorithm (longitudinal T2 processing was not available). As 
suggested by the developers of the segmentation algorithm, T2-weighted MRI images, 
and therefore the T2-weighted MRI segmentation process, were used to complete the 
segmentation because of the higher resolution of T2 images compared with T1 images.  
The resulting output showed the two-dimensional (2D) segmentations on coronal, 
sagittal, and transverse planes with volume measurements (mm3) of the following 
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hippocampal subfields and other hippocampus-related structures of the right and the left 
hemispheres: hippocampal tail, subiculum, presubiculum, parasubiculum, CA1, 
combined region of CA2 and CA3, CA4, fimbria, hippocampal fissure, molecular layer 
of subiculum and hippocampal fissure, granular cell layer and molecular layer of DG, 
hippocampus-amygdala-transition-area (HATA), and hippocampal tail (Iglesias et al., 
2015). The 2D images were used to render 3D images of the segmented hippocampus. 
The volume data were compiled and used for statistical analysis. The results of the 
segmentation are illustrated in Figure 2. 
The atlas used in this segmentation process was provided by the developers of the 
algorithm (Iglesias et al., 2015). The statistical atlas was built using a learning algorithm 
to process manually segmented ultra-high resolution (~0.1 mm isotropic) ex vivo MR 
Figure 2. Hippocampal subfield segmentation of MR image.  
T2-weighted turbo spin-echo image of the hippocampus that was processed through the 
segmentation algorithm of FreeSurfer. (A) 3D image was rendered using coronal, sagittal, and 
transverse planes of section with hippocampal subfield segmentation. (B) Coronal image was 
rendered with hippocampal subfield segmentation. 
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images, which allowed for much higher resolution than in vivo images used in the atlas of 
FreeSurfer 5.3 and other similar autosegmentation software (Iglesias et al., 2015).   
 
2.6. Statistical Analysis  
The volumetric data collected from the FreeSurfer segmentation algorithm was 
input to Excel (Microsoft, Redmond, WA, USA) and SPSS (IBM Corporation, Armonk, 
NY, USA). With the ICV data collected from the FreeSurfer default workflow, the 
individual volumes of the left and right hippocampus, left and right DG, and left and right 
CA3 region were corrected for ICV volume. The SPSS statistical analysis tool, ANOVA 
with repeated measures, was applied to the two intervention groups (endurance training 
and resistance training) as the between-subjects factor and to time (pre-intervention and 
post-intervention) as the within-subjects factor. The dependent variables of VO2 Max, left 
and right hippocampus volumes, left and right dentate gyrus volumes, and left and right 
CA3 region volumes were examined, with sex and age of the participants as covariants. 
The same ANOVA test with left-right sidedness as an additional within-subjects factor 
was also performed.   
From the raw volume collected from the FreeSurfer segmentation algorithm, the 
percentage change in volume was calculated for left and right hippocampus volumes, left 
and right dentate gyrus volumes, and left and right CA3 region volumes. A general linear 
model was created using VO2 Max percentile change as the independent variable and 
volume of the region of interest as the dependent variable. For each region of interest, the 
general linear model, the Pearson correlation coefficient (R), the coefficient of 
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determination (R2), and the significance (p) were calculated for the endurance training 
group, the resistance training group, and both training groups.   
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3. RESULTS 
3.1. Endurance Training Intervention Increases VO2 Max Representing 
Cardiorespiratory Fitness 
Cardiorespiratory fitness assessment was successfully performed on 32 young, 
healthy adult participants. Each participant’s VO2 Max percentile was calculated from 
performance on the modified Balke protocol using the metabolic equation for gross VO2 
for walking (Equation 3). The fitness data were collected and examined (see Table 2 and 
Figure 3). The mean VO2 Max percentile of the participants in the endurance training 
group (N = 14) and the resistance training group (N = 18) showed an increase of 11.61% 
± 14.90% and 2.36% ± 14.47%, respectively, after the three-month exercise intervention. 
The difference between the two training groups was statistically insignificant (p = 0.190). 
The mean VO2 Max percentile of participants in the lower baseline fitness level (defined 
as VO2 Max lower than the 50
th percentile, N = 19) and in the higher baseline fitness 
level (defined as VO2 Max higher than the 50
th percentile, N = 13) saw an increase of 
11.61% ± 14.83% and a decrease of 1.62% ± 12.09%, respectively, after the three-month 
exercise intervention. The participants with a lower baseline cardiorespiratory fitness 
level had a significantly greater improvement (p = 2.43E-7) in the cardiorespiratory 
fitness level compared with those participants with a higher baseline cardiorespiratory 
fitness level.  
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3.2. Structural MRI Data Shows No Change in Volume of Hippocampus Subfields 
by Intervention 
T1-weighted images were processed through the default workflow to acquire the 
ICV measurement. T2-weighted images, in conjunction with the atlas provided by 
FreeSurfer v6.0, were used to automatically segment hippocampal subfields. The 
volumes of two subfields (DG and CA3) were then corrected for ICV to control for 
differences in the size of the overall brain between participants. Table 2, Table 3, and 
Figure 4 show the resulting pre-intervention and post-intervention data. Notably, the left 
and the right CA3 of the endurance training group increased by 0.1374% ± 6.9212% and 
1.5849% ± 4.9568%, respectively, over the three months of the intervention, whereas the 
Figure 3. Change in VO2 Max percentile between endurance training and resistance training 
groups. Left: The difference in change in VO2 Max percentile between endurance training (ET; 
blue) and resistance training (RT; red) is not statistically significant (p = 0.190). Right: The 
difference in change in VO2 Max percentile between individuals with higher baseline fitness (red) 
versus lower baseline fitness (blue) is statistically significant (p = 2.43E-7).  
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same subfields of the resistance training group decreased by 2.1715% ± 7.8396% and 
2.8766% ± 7.0852%, respectively. 
 As revealed by a repeated-measures ANOVA, the difference between the effect 
of the endurance training intervention versus that of the resistance training intervention 
on the size of the right CA3 subfield was not statistically significant (p = 0.437). 
However, there was a statistically significant time by intervention-group interaction to the 
subfield within subjects (p = 0.034). A statistically significant time by sidedness (left 
versus right) interaction within subjects was found in the right CA3 subfield (p = 0.002).  
 
Table 1. Mean (SD) of VO2 Max and Volume Change of Regions of Interest
a 
Variable Endurance Training Resistance Training Both 
VO2 Max +11.21 (14.90) +2.36 (14.81) +6.234 (15.094) 
L Hippocampus -1.2412 (2.6269) -1.4591 (2.2901) -1.364 (3.744) 
R Hippocampus -1.0895 (3.2067) -0.8631 (2.6048) -0.962 (2.798) 
L Dentate Gyrus -0.8367 (4.7666) -1.7062 (3.8202) -1.326 (4.207) 
R Dentate Gyrus -0.6158 (3.7714) -1.4987 (3.8171) -1.112 (3.744) 
L CA3 +0.1374 (6.9212) -2.1715 (7.8396) -1.161 (7.293) 
R CA3 +1.5849 (4.9568) -2.8766 (7.0852) -0.925 (6.467) 
aVO2 Max is measured in percentile compared with population norm. Regions of interest are 
corrected for intracranial volume (ICV) and measured in % ICV. L = left; R = right; SD = 
standard deviation.  
 
Table 2. Mean (SD) of Changes in VO2 Percentile and Volumes of Regions of Interest
a 
 Endurance Training Resistance Training 
Variable Pre-intervention Post-intervention Pre-intervention Post-intervention 
VO2 Max 29.86 (22.50) 41.07 (20.92) 46.86 (31.56) 49.22 (29.78) 
L Hippocampus 0.2407 (0.0200) 0.2377 (0.0215) 0.2327 (0.0220) 0.2293 (0.0219) 
R Hippocampus 0.2490 (0.0232) 0.2463 (0.0251) 0.2379 (0.0218) 0.2358 (0.0215) 
L Dentate Gyrus 0.0214 (0.0019) 0.0212 (0.0026) 0.0208 (0.0023) 0.0204 (0.0022) 
R Dentate Gyrus 0.0214 (0.0020) 0.0213 (0.0020) 0.0210 (0.0023) 0.0207 (0.0026) 
L CA3 0.0121 (0.0014) 0.0122 (0.0019) 0.0124 (0.0017) 0.0121 (0.0018) 
R CA3 0.0134 (0.0013) 0.0136 (0.0013) 0.0133 (0.0017) 0.0130 (0.0020) 
aVO2 Max is measured in percentile compared with population norm. Change in volume for 
regions of interest is measured in percent change from baseline. L = left; R = right; SD = 
standard deviation 
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Figure 4. Change in volumes of regions of interest. Volumes were corrected for intracranial 
volume (ICV) and displayed as percent of ICV volume (% ICV). Red bar (left bar) = pre-
intervention; blue bar (right bar) = post-intervention; ET = endurance training group (N = 14); RT 
= resistance training group (N = 18); L = left; R = right. 
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3.3. General Linear Regression Model Shows Very Weak Positive Correlation 
Between Hippocampus Subfield Volume Change and VO2 Percentile Change 
Change in volume of the regions of interest corrected for ICV was correlated with 
VO2 Max percentile change to determine a possible association using linear regression 
models for the statistical significance. Pearson correlation tests were used to find the 
direction of association and the strength of partial correlation. The left hippocampus of 
the endurance training group showed a weak partial correlation (R = 0.356) between 
volume change and VO2 Max percentile increase. The left hippocampus and the left CA3 
region of the two groups together showed a weak partial correlation (R = 0.317 and R = 
0.316, respectively). Other regions (including the right CA3 subfield) showed very weak 
to no correlation (+0.300 > R > -0.300) between volume change and VO2 Max change. 
The general linear regression models are tabulated in Table 4 and displayed in Figure 5. 
Although none of the models were statistically significant, the one for the left 
hippocampus with both groups combined was approaching statistical significance (p = 
0.078). 
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Table 3. General Linear Regression Model with R-Value, R2-Value, and p-Valuea 
Regions of Interest Groups Linear Regression Model R R2 p 
L Hippocampus 
ET y = +1.46E-4*x - 4.56E-3 0.356 0.127 0.211 
RT y = +1.02E-4*x - 3.67E-3 0.283 0.080 0.602 
Both y = +1.16E-4*x - 3.93E-3 0.317 0.100 0.078 
R Hippocampus 
ET y = +1.40E-4*x - 4.21E-3 0.265 0.070 0.361 
RT y = -8.82E-5*x - 1.93E-3 -0.215 0.046 0.777 
Both y = +7.99E-6*x - 2.41E-3 0.018 0.000 0.935 
L Dentate Gyrus 
ET y = +1.29E-5*x - 2.85E-4 0.185 0.034 0.528 
RT y = +1.06E-5*x - 4.01E-4 0.186 0.035 0.741 
Both y = +1.30E-5*x - 3.54E-4 0.213 0.045 0.243 
R Dentate Gyrus 
ET y = +5.35E-6*x - 2.11E-4 0.096 0.009 0.744 
RT y = -1.09E-5*x - 2.64E-4 -0.209 0.044 0.728 
Both y = -1.94E-6*x - 2.17E-4 -0.038 0.001 0.825 
L CA3 
ET y = +1.64E-5*x - 1.22E-4 0.297 0.088 0.541 
RT y = +1.65E-5*x - 3.35E-4 0.259 0.067 0.877 
Both y = +1.86E-5*x - 2.55E-4 0.316 0.100 0.660 
R CA3 
ET y = +1.25E-6*x + 1.84E-4 0.028 0.001 0.924 
RT y = -3.75E-6*x - 3.65E-4 -0.061 0.004 0.784 
Both y = +4.27E-6*x - 1.50E-4 0.077 0.006 0.694 
aL = left; R = right; ET = endurance training group (N = 14); RT = resistance training group (N 
= 18); y = subfield volume change; x = VO2 Max percentile change; R = Pearson correlation 
coefficient; R2 = coefficient of determination; p = significance. 
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Figure 5. General linear model of change in VO2 Max and change in volume of regions of 
interest in % ICV. Blue dotted line = endurance training (ET) group (N = 14); red dashed line = 
resistance training (RT) group (N = 18); gray solid line = both groups; VO2max (VO2 Max) = 
maximum aerobic capacity; ICV = intracranial volume; L = left; R = right. 
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4. DISCUSSION 
 
The reason for this study was to investigate the effectiveness of an endurance 
training intervention on changing the size of hippocampal subfields and hippocampal 
formation. Specifically, the aim was to see whether the three-month endurance training 
would increase the volumes of the hippocampus, DG, and CA3 on both the right and the 
left hemispheres, as well as to investigate the correlation between the intervention-related 
VO2 Max change and the change in volumes of right and left hippocampus, DG, and 
CA3. There have been several animal model studies that associated aerobic exercise with 
change in the rate of adult hippocampal neurogenesis (van Praag, Christie, Sejnowski, & 
Gage, 1999; van Praag, Kempermann, & Gage, 1999; van Praag, Shubert, Zhao, & Gage, 
2005). In humans, many studies have reported an association between change in fitness 
level through exercise intervention and hippocampus volume (Erickson et al., 2011). 
However, in this study, the statistical analysis showed that the difference between the 
effect of endurance training intervention and resistance training intervention on the 
changes in most subfields was statistically insignificant. However, a statistically 
significant time point by intervention group interaction was present for the right CA3 
subfield of the hippocampus. The volumes of the right CA3 subfield in the endurance 
training group and in the resistance training group were approximately equal before 
intervention (see Figure 4). After intervention, the right CA3 subfield in the endurance 
training group increased, whereas the same subfield in the resistance training group 
decreased. Although ANOVA with repeated measures did not show a statistically 
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significant difference between the two groups (p = 0.437), the presence of a statistically 
significant time point by intervention group interaction within group (p = 0.034) implies 
a possible crossover effect.  
 
4.1. Effectiveness of the Endurance Training Intervention.  
Hippocampus volume noted in various studies has been linked with 
cardiorespiratory fitness (Erickson et al., 2011; Whiteman, Young, Budson, Stern, & 
Schon, 2016). In this study, VO2 Max was used as a measurement of cardiorespiratory 
fitness. The difference in the change in VO2 Max percentile between the two intervention 
groups was not statistically significant (see Figure 3). However, the endurance training 
intervention group had an outlier that showed significant negative change in VO2 Max 
percentile, which is at odds with conventional wisdom. If the sample size were large 
enough to deaden the effect of this outlier, the result might have shown a significant 
difference between the endurance training intervention and the resistance training 
intervention. In addition, the increase in VO2 Max may be modulated by the individual’s 
fitness level before the intervention. As reported previously, the difference in VO2 Max 
change between the initially higher fit population versus the initially lower fit population 
was statistically significant. A disproportionate number of higher fit individuals were 
present in the resistance training group (containing 10 of 13 higher fit participants). The 
participants were enrolled into either one of the intervention groups randomly, and the 
baseline fitness level was not considered, although all participants were classified as 
sedentary based on self-report. Also, the investigators could not control if any of the 
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participants dropped out of the study in the middle of the intervention. Even though the 
results from this study did not show that endurance training has a more statistically 
significant effect on VO2 Max than resistance training, the statistically significant 
difference in change in VO2 Max between lower fit participants and higher fit 
participants can be in part due to the difference between endurance training intervention 
and resistance training intervention. Ultimately, however, restrictions could not be 
imposed on what the participants did outside of the intervention. Therefore, it is very 
possible that the statistical insignificance between the endurance training intervention and 
the resistance training intervention may be caused by resistance training participants 
performing aerobic exercise on their own time. For this reason, participants were 
instructed to keep an exercise journal. Unfortunately, given the relatively subjective 
nature of these data, the methods to convert them into a quantifiable data set have not 
been formulated yet. Future investigations should devise a method to objectively quantify 
these data so that this confounding variable can be controlled. 
 
4.2. The Difference in Change of Volume Between Two Intervention Groups 
In this investigation, the main interest was in the effect of the different types of 
intervention on the size of the participant’s hippocampal subfields: DG and CA3. The 
collected data did not reveal any statistically significant difference in the change in these 
two subfields between the two intervention groups. In a report by Erickson and 
colleagues in 2011, aerobic exercise was shown to selectively increase hippocampal 
volume more than a stretching control. Compared with Erickson et al. (2011), the data in 
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this study were not consistent with the reported trend in the previous study. However, 
there are notable differences between the experimental designs of these two studies. This 
investigation had a shorter intervention period (three months as opposed to one year), a 
different target population (young adults, age 20 to 35, as opposed to old adults, age 55 to 
80), a smaller sample size (32 participants as opposed to 120), and a different statistical 
analysis method (correcting for ICV as opposed to no correction). These differences in 
study design could be the cause of the disparity between the two investigations. An 
argument can be made for not correcting for ICV because each subject is its own control 
from pre-intervention to post-intervention. Consequently, this would prevent the 
investigator from distinguishing between a global brain volume change and a 
hippocampus-specific volume change. For this reason, volumetric data used in this 
investigation were corrected for ICV. The variation in target population could also be a 
factor. There are clear differences in social pressures, expectations, lifestyles, and stress 
that could influence the exercise habits outside of the intervention or the brain volume 
directly. If not corrected for ICV, every subfield volume and hippocampus formation 
volume in the endurance training group showed higher preservation in volume (though 
statistically insignificant) than the same measurements in the resistance training group. 
Except for the statistical insignificance, this result is more consistent with the findings 
from the previous study (Erickson et al., 2011). The statistical insignificance could have 
been caused by the lack of control on the participants’ activities outside of the 
interventions as well as by the length of the intervention. It is logical to consider that a 
statistically significant difference might have been observed if the intervention period 
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was longer, as it was in the experiments by Erickson et al. (2011). However, another 
previous study showed that three months of an aerobic exercise intervention in young 
adults resulted in an increased hippocampal CBV to the DG of the hippocampus (Pereira 
et al., 2007). This suggests that there might be a temporal delay between the CBV 
increase and the corresponding volumetric change in the DG. Small sample sizes also 
played some role in the statistical insignificance, as each outlier influenced the statistical 
analysis more strongly.  
 
4.3. Correlation Between Change in VO2 Max and Change in Hippocampal Subfield 
Volume 
The inability to control the participants’ activities outside of the interventions was 
a confounding variable in the results. Therefore, the change in participants’ VO2 Max 
was examined for its impact on the volume by creating a linear regression model to 
correlate the change in various subfield volumes with the change in VO2 Max percentile, 
regardless of the intervention group. Linear regression models exhibited no statistically 
significant (p < 0.05) correlations between change in VO2 Max and change in 
hippocampal subfield volume. The left hippocampal formation and the left CA3 subfield 
showed a weak positive trend (R > 0.300) between volume and VO2 Max, but they were 
both statistically insignificant. Nevertheless, the weak positive trend is encouraging 
because it is consistent with the previous studies on hippocampus formation by Erickson 
and colleagues (Erickson et al., 2011). The statistical insignificance in the present study 
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could be caused in part by the shortness of the intervention period and the smaller 
number of participants.  
One of the specific aims of this investigation was to examine the effect of the 
endurance training intervention on the size of hippocampal subfields. Thus, the 
correlation between VO2 Max change and the volume of hippocampal subfields for 
participants in the intervention group was examined. Although none of the subfields 
showed any statistically significant correlations based on the linear regression model, a 
general positive correlation between the VO2 Max change and the hippocampal volume 
change in the endurance training group was noted.  
 
4.4. Asymmetrical Effect of General Exercise Intervention 
There are some notable differences between the trends in the size of subfields of 
the left and right hemispheres when the two intervention groups were compared. In both 
intervention groups, the left whole hippocampus and subfields DG and CA3 had very 
similar positive trends between VO2 Max change and volume change. For the same 
regions in the right, however, the endurance training group showed generally very weak 
positive trends, whereas the resistance training group showed generally negative trends. It 
was reasonable to suspect that different interventions might not affect both hemispheres 
equally. 
In order to test this idea, an ANOVA with repeated measures was performed to 
compare the left and right hemisphere subfield volumes within participants between the 
two groups. Although there was no statistically significant difference between the two 
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groups as the previous analysis showed, there was a statistically significantly different 
change in volume between left and right CA3 subfields (p = 0.002), as shown by the 
interaction between time points and hemispheres. This result means that intervention-
induced volume change affects the left and right sides of the brain asymmetrically. The 
results reported in Table 2 also support this effect in that the right hippocampus and 
subfields had either less decline or more increase in their volumes. Some studies in 
rodent models have suggested  left and right asymmetry in hippocampal CA3 synaptic 
plasticity (El-Gaby, Shipton, & Paulsen, 2015) and right hippocampal dominance in 
spatial memory (Shinohara et al., 2012). General left-right hemispheric asymmetry in 
structure and function has also been well-accepted knowledge in humans. However, left-
right asymmetry in the CA3 region of the human hippocampus has not been documented. 
The CA3 region, as part of the hippocampus formation that receives projection from the 
DG, is a crucial component of the hippocampus circuitry with spatial memory functions 
(Andersen, 2007; Nakashiba et al., 2012; Treves, Tashiro, Witter, & Moser, 2008; Xavier 
and Costa, 2009). An asymmetrical effect of the endurance intervention on the CA3 
volume can signify higher neurogenesis in that area and an increase in hippocampal 
function in general. However, whether this increase in volume translates into behavioral 
improvement still needs to be tested.  
 
4.5. Limitation 
Some variables could not be completely and ethically controlled in participants, 
such as their activities outside of the intervention, stress levels, lifestyles, and diets. 
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Although participants were instructed to keep an exercise diary, this type of data was 
highly subjective and inaccurate. There were also participants who were unable to 
complete their intervention periods, greatly restricting the sample size. It is unclear how 
much impact, if any, a participant’s sex had on the overall data. Even though sex and age 
were always used as a covariate for statistical analysis, the disproportionately small 
percentage of the sample being male may have confounded its effect.  
 The analysis program also posed some limitations. The automated hippocampal 
subfield segmentation functionality of FreeSurfer was a new feature only available in 
version 6.0 (released on January 23, 2017). With such a new functionality, the validity of 
the segmentation comes into question. While multiple analyses using the same command 
were performed to ensure the consistency of the segmentation algorithm, the subfield 
segmentation, especially the internal subfields like the molecular layer of the 
hippocampus, the granular cell layer of the dentate gyrus, and the CA4 subfield, remains 
untested.  
FreeSurfer v6.0 also contained T2-weighted-image-assisted T1-weighted-image-
focused cross-sectional hippocampal subfield segmentation and T1-weighted-image-
focused longitudinal hippocampal subfield segmentation protocols. These two processes 
theoretically provided more accurate segmentation. The first option had T1-weighted 
image information with additional information from T2-weighted images. The second 
option created a specific atlas for individual participants using T1-weighted images to 
more accurately detect changes in subfield volumes between two time points. Neither one 
of these options was a viable method in the current investigation because of the lower 
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resolution in the T1-weighted images (0.98 x 0.98 x 1.20 mm) compared with the much 
higher resolution in the T2-weighted images (0.40 x 0.41 x 2.00 mm). The conjunction of 
the facts that this functionality was untested and that an optimal segmentation protocol 
was not used, may raise questions about the accuracy of the volumetric data of 
hippocampal subfields collected from each participant.  
 
4.6. Future Directions 
Future work is necessary to determine with statistical significance the effect of 
endurance training on various hippocampal subfield volumes in young adults. Additional 
studies examining the asymmetry in change in the left and the right CA3 and other 
subfield volumes caused by intervention should be explored. Moreover, an investigation 
would be beneficial of the length of time in intervention required to observe statistically 
significant changes in the hippocampus formation and hippocampal subfield volumes. 
  
4.7. Conclusion 
During this investigation, no intervention-type-dependent effect on the 
hippocampal subfield volume was observed. However, the trend of the data was generally 
consistent with previous work done on similar topics, lending credibility and providing 
direction for further investigations. The unexpected finding of an asymmetrical effect of 
general exercise intervention on the CA3 subfield volume is encouraging, even though 
the cause or the consequence of the finding remains unclear. Future studies are required 
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to investigate this asymmetry and to determine the time required for a statistical 
volumetric difference to emerge. 
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